The levels of noradrenaline, neuropeptide Y, 5-hydroxytryptamine. and substance P were measured and compared between the large arteries of the circle of Willis and the small cerebral vessels of the pia mater in the rat, rabbit, cat, and monkey. In all species, noradren aline and neuropeptide Y concentrations were greater in the larger arteries than in small pial vessels. Noradrena line concentrations were dramatically reduced following cervical sympathectomy, with the extent of diminution differing greatly in the various species: the effects of cer vical ganglionectomy on neuropeptide Y concentrations The brain differs from other organs in that the pial vessels-its arterial vasculature-are readily accessible. However, the pial circulation does not refer to a functionally homogeneous population of vessels, as this term comprises both large arteries (of the circle of Willis) and small arterioles that vary their caliber remarkably in response to changes in physiological conditions . Despite this major functional difference, the distinction between the two catego ries of vessels has not been made, or has been ob scured, in the literature.
The brain differs from other organs in that the pial vessels-its arterial vasculature-are readily accessible. However, the pial circulation does not refer to a functionally homogeneous population of vessels, as this term comprises both large arteries (of the circle of Willis) and small arterioles that vary their caliber remarkably in response to changes in physiological conditions . Despite this major functional difference, the distinction between the two catego ries of vessels has not been made, or has been ob scured, in the literature.
The innervation of the cerebrovascular bed has been extensively described. It is known that the were less pronounced. 5-Hydroxytryptamine concentra tions in rats, cats, and rabbits were significantly greater in the small pial vessels, although measurable concentra tions existed in the circle of Willis. In cats and monkeys, substance P was found in major arteries, but was not de tectable at the level of the small pial vessels. The differ ences in the regional distribution of the various neuro transmitter candidates in the cerebrovascular bed may refl ect their physiological significance. Key Words: Cere brovascular bed-5-Hydroxy tryptamine-N europeptide Y -Noradrenaline-Pial vessels-Substance P.
pial circulation (essentially, large arteries) is richly innervated by a number of classical neurotrans mitters: adrenergic and cholinergic fibers have long been known to exist (Nielsen and Owman, 1967; Edvinsson et aI., 1972a ) and a serotonergic inner vation has been described recently (Chan-Palay, 1976; Griffith et aI. , 1982; Edvinsson et aI., 1983a) .
In addition, several peptide-containing fibers that innervate the pial vessels have now been identified; these peptidergic nerves include vasoactive intes tinal polypeptide (Larsson et aI., 1976) , substance P (Uddman et aI., 1981) , and neuropeptide Y (Ed vinsson et aI., 1983b) . Almost all of these fibers have been identified through the use of fluores cence histochemistry and immunocytochemistry, with the drawbacks that are inherent to such inves tigations. For example, the small pial arterioles (�50 fLm in diameter) have proven to be relatively elusive to study by most histochemical and immu nocytochemical techniques.
To complement these studies. we have quantified the concentrations of some putative neurotrans mitters [noradrenaline (N A), neuropeptide Y (NPY), 5-hydroxytryptamine (5-HT), and sub stance P] in both the major cerebral arteries of the circle of Willis and the small pial arterioles of the forebrain in a number of species: rat, rabbit, cat, and monkey. Furthermore, in an attempt to trace the origin of some of these transmitter-containing fibers, we have undertaken preliminary studies of the effects of cervical sympathectomy in various laboratory animals.
MATERIALS AND METHODS

Animals
Experiments were carried out on male Sprague Dawley albino rats (COBS CD strain. body weight 140-160 g; from Charles River, France), male rabbits (New Zealand strain, 2.5 kg), bred cats of either sex (3 kg), and monkeys (Cercopethicus aethiops, 3 kg). An imals were housed at 22 ± 0.5°C and were maintained on a 12-h light/dark cycle, with free access to food and water.
Preparation for Tissue Sampling
For tissue sampling, the animals were perfused in situ. Pentobarbital was used to anesthetize the rats (35 mg/kg. i.p.) and rabbits (35 mg/kg. i. v.). In the cats, anesthesia was induced with halothane (2%) and maintained with pentobarbital (30 mg/kg, i. v.). The monkeys were first sedated with ketamine (10 mg/kg, i.m.), and anesthesia was then induced with 3% halothane. The animals were then heparinized (rats 250 IU. i. v.; rabbits, cats, and monkeys 2,500 IU, i. v.) and perfused, through a catheter introduced into the aortic arch via the left ventricle. with heparinized saline (2500 lUlL) at a constant pressure of 110 mm Hg so as to remove all blood elements. The time of perfusion was approximately 10 min; thereafter. the animals were decapitated. The skull was opened, and the dura mater was removed. The pial vessels and arachnoid mater were removed bilaterally from the whole brain sur face using fine forceps and iridectomy scissors (the pia mater and underlying cortex were not disturbed). Brain structures and vascular tissues were immediately placed on dry ice and subsequently stored at -80°C prior to analysis.
Surgery
Sympathectomies were carried out in rats (n = 12). cats (n = 10), and rabbits (n = 9). The animals were anesthetized with 2% halothane. Superior cervical sym pathetic ganglia were removed bilaterally under aseptic conditions. The animals were killed 7 days after superior cervical ganglionectomy. The extirpated tissue was pro cessed histologically for random control.
We elected to perform bilateral. rather than unilateral, ganglionectomies because it is known that tracer applica tion to one middle cerebral artery results in retrograde labeling of both superior cervical ganglia (Mayberg et aI., 1984) . Indeed, there is a convincing body of evidence from both anatomical (Cooper, 1958; Sato and Suzuki, 1975; Sato et aI., 1980) and functional (MacKenzie et aI., 1979; Marin et aI., 1980b; Busija and Heistad, 1984) J Cereb Blood Floit' Met(lh. Vol. 7, No.4, 1987 studies to show a crossed sympathetic innervation of the cerebral vasculature.
Biochemical Analyses
For the measurement of the endogenous levels of 5-HT and NA, pial vessels and brain tissues were homogenized in 0.1 M perchloric acid. After centrifugation (15,000 g for 10 min), 5-HT was assayed on 100 J.d of the superna tant by high-performance liquid chromatography (HPLC) with electrochemical detection. according to Semerdjian Rouquier et al. (1981) . The limit of sensitivity of the assay (signal-to-noise ratio of 2) was 10 pg.
Substance P-like immunoreactivity (SPLI) was mea sured as previously described (Oblin and Zivkovic. 1983 ) using C-terminal-specific anti sub stance P antibody. In the radioimmunoassay for neuropeptide Y, the antiserum was raised against synthetic porcine neuropeptide Y con jugated to bovine serum albumin (a generous gift from p, C. Emson. Cambridge, U.K.). It cross-reacts with gut peptide tyrosine-tyrosine, but not with pancreatic poly peptide. peptide histidine isoleucine, vasoactive intes tinal polypeptide. or secretin. The detection limit was 100 pg/ml. Further details on neuropeptide Y, its presence and characterization in cerebral vessels, can be found in Edvinsson et al. (1983c) .
Statistical Analyses
The significance of the differences in neurotransmitter concentrations between major arteries and small pial vessels were tested by Student's paired t test in each an imal. Differences between sham-operated and sympa thectomized groups were examined by Student's t test.
RESULTS
When compared to cortical tissue, very high con centrations of NA were detected in the large ar teries of the circle of Willis in the four species studied: rat, rabbit, cat, and monkey ( Table I) . Al though the highest concentrations of N A were found in the rabbit and the lowest in the monkey, overall, the levels are almost comparable. In the small pial vessels, the NA concentrations were sig nificantly lower than those noted in large arteries, irrespective of the species considered ( Table I) . In rat, rabbit, and monkey, the pial vessel NA concen tration is only 30% of that found in the circle of Willis; however, the percentage is considerably greater in the cat.
NPY was only measured in rabbit cerebral vessels; the concentrations in the circle of Willis (1,741 ± 124 ng/g tissue) were significantly more important than those found in pial vessels (766 ± 97 ng/g tissue) (Student's t test, p < 0.01).
In both large arteries and pial vessels, much lower amounts of 5-HT (compared to NA) were de tected in the three species examined: the rat had the highest, rabbit intermediate, and the cat the lowest concentrations of 5-HT (Table 1) . In contrast to NA, there was a tendency (significant in the cat) for 5-HT levels to be greater in the pial vessels than in the circle of Willis. In larger arteries, SPLI was detected in rabbit, cat, and monkey. The species variation in this pep tide level was more evident than those noted for the two monoamines. To illustrate this point, arterial tissue SPLI levels were approximately 50 times greater in the rabbit than in the monkey. Although essentially similar levels of SPLI were found in rabbit circle of Willis and pial vessels, this neuro peptide was not detectable in the small pial vessels of the cat and monkey ( Table I) .
The reduction in vascular NA concentrations, in duced by bilateral cervical ganglionectomy, differed in the three species examined (Fig . I) . The degree of sympathectomy was almost total in the rabbit, whereas in the cat, bilateral cervical ganglionec tomy reduced NA concentrations by 53% (p < 0.01) in larger arteries and by only 27% (p < 0.05) in small vessels. The superior cervical ganglia were completely removed, as shown by the fact that the NA concentration in the feline sublingual artery was decreased by 98%. The reduction in NA con centrations was less pronounced in rat ( -83% in large arteries, -41 % in small pial vessels) than rabbit cerebral vessels. The NPY concentrations following sympathectomy were reduced by 74% in rabbit circle of Willis arteries (ng/g tissue: sham 1,741 ± 124; sympathectomized 448 ± 54; p < 0.0 I) and by 68% in small pial vessels (ng/g tissue: sham 766 ± 97; sympathectomized 244 ± 48; p < 0.01).
DISCUSSION
Based on the results of the present study, three principal observations may be made. The absolute concentrations of cerebrovascular neurotrans mitters vary first with species, and second with the segment of the cerebral vascular bed. Last of all, the ability of bilateral superior cervical ganglionec tomy to create an effective sympathectomy of the cerebral circulation is also a function of species.
The fact that the larger cerebral arteries had con sistently higher concentrations of NA than the small pial vessels of the convexity in all the species examined would reinforce those studies that show that the sympathetic innervation of the cerebral vasculature is essentially extrinsic (Edvinsson and MacKenzie, 1976) . Our present investigations con firm the efficacy of cervical sympathectomy in re ducing the NA concentration in rabbit circle of Willis (Edvinsson et ai., 1972h) . Others have ob tained similar results in cat and goat pial arteries (Marin et aI., 1980a,h ) and dog, following removal of the superior cervical and stellate ganglia (Mueller et ai., 1977) . In the rabbit, the reduction in NPY concentrations following ganglionectomy were somewhat less dramatic. In large arteries, the level was reduced by 74% and by 68% in pial vessels. It has been reported that in the cat, some NPY fibers remain I week after cervical ganglio nectomy (Edvinsson et aI., 1984a) , and this obser vation might explain the discrepancy between the absolute decreases in NA and NPY levels 1 week following sympathectomy. In future investigations, the study of the time course of the sympathectomy induced modifications of the levels of these two neurotransmitters may well help to resolve this di chotomy.
When compared to rabbits, bilateral cervical gan glionectomy was much less effective in rats and cats in terms of decreasing cerebrovascular N A concentrations. The most probable explanation for the partial efficacy of the sympathectomy is that in some species at least, the cerebral vessels receive a significant sympathetic innervation from the stel late ganglion via the vertebro-basilar system, a system that has received scant attention (Mc Naughton, 1938; Christensen et aI., 1952) .
Other than a vertebro-basilar source, alternative origins for the cerebrovascular NA in rats and cats must be considered. Noradrenergic fibers may arise from the stellate ganglion, bypass the superior cer vical ganglion, and innervate the rostral part of the circle of Willis via the carotid plexus (McNaugh ton, 1938) . Accessory ganglionic tissue could exist cranial to the superior cervical ganglion, although the fact that small vessel NA concentrations were little changed, compared to large vessels, following superior cervical ganglionectomy would speak against additional carotid nerves or supplementary extraganglionic tissue. Furthermore, small pial vessels may receive a noradrenergic innervation from an intracerebral source, such as the locus coe ruleus (Falck et aI., 1965; Hartmann et aI., 1972) . Finally, the possibility that residual postsympa thectomy NA levels could reflect the uptake of this amine into non-noradrenergic nerves cannot be ruled out.
In direct opposition to the findings with NA, 5-HT concentrations were twice as high in the small pial arterioles when compared to the large cerebral arteries (in rat, rabbit, and cat). In rabbit vertebral arteries, Griffith et al. (1982) found 5-HT levels ap proximately 5 times greater than we did in the rabbit circle of Willis. This discrepancy should be clarified, though it should be noted that these au thors did not perfuse the animals in situ, and there fore, the possible contamination of the measure ment of 5-HT from blood elements is difficult to discount. The same critique is applicable to the study by Marco et al. (1985) . These authors sug gested that half of the cerebrovascular 5-HT origi-nates in the superior cervical ganglion, although only a limited number of 5-HT immunoreactive cell bodies are found in the rat superior cervical gan glion (Verhofstad et aI., 1981) . The levels of 5-hy droxytryptamine found previously in the intrapa renchymal vessels (Reinhard et aI., 1979) is compa rable to the concentrations we found in small pial vessels-a tissue fraction that does not contain capillaries. The present findings on small pial vessels are in support of a number of investigations that have now shown that the serotonergic innerva tion of the cerebral vessels arises from the rostral raphe nuclei (Chan-Palay, 1976; Reinhard et aI., 1979; Edvinsson et aI., 1983a; Scatton et aI., 1985) and, at least in the rat, not to any measurable ex tent from the superior cervical ganglion (Edvinsson et aI., 1983a) .
The distribution of substance P-like immunoreac tivity levels in the cerebral circulatory tree is radi cally different from that of 5-HT, though somewhat similar to that found for NA and NPY. Low con centrations (cf. striatum and substantia nigra) are found in the large cerebral arteries of the circle of Willis; SPLl levels in the small pial vessels were not detectable in our cat and monkey experiments. The SPLI levels of major cerebral arteries have been measured in a large number of species, and the values are comparable to those of our present investigation (Duckles and Buck, 1982; Edvinsson et aI., 1983b; Liu-Chen et aI., 1983) . Our findings concur with the immunocytochemical observations of Furness et al. (1982) , who showed that the SPLl containing nerves in the cardiovascular system were most prominent in the large elastic arteries and that the density of innervation decreased as the more peripheral (and smaller) vessels were ap proached.
The SPLl-containing nerves of large cerebral ar teries probably have their cell bodies in the trigem inal ganglia (Liu-Chen et aI., 1983; Mayberg et aI., 1984) and a similar innervation exists for other pain-sensitive structures within the cranium, such as the dura mater and the meningeal vessels (May berg et aI., 1984) . As the cerebrovascular distribu tion and origin of SPLl differ so markedly from those of 5-HT, a direct coexistence of these two neurotransmitters in the same perivascular fiber seems improbable. However, a cooperation be tween these transmitters is possible with regard to the major cerebral arteries in which both agents exist.
